The bone morphogenetic protein (BMP) expression in vertebrates suggests a reiterative function of these molecules during eye development. However, genetic analysis in mice has provided only partial information. Using the chick embryo as a model system, we have analyzed possible additional functions of BMP4 during optic cup formation. Here we describe the expression pattern of Bmp4 and Bmp7 and we show that, in contrast to the mouse, the prospective lens placode ectoderm expresses high levels of Bmp4 but no Bmp7. After optic vesicle invagination, Bmp4 is expressed in the prospective dorsal neural retina, where BmprIA, BmprII, and Smad1, components of the BMP4 signal transduction pathway, are also expressed. In toto terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end-labeling analysis shows that the dorsal optic cup is the site of a spatiotemporally restricted apoptosis, which parallels the expression not only of Bmp4 but also of Msx1 and Msx2, genes implicated in BMP4-mediated apoptosis. The use of optic vesicle cultures as well as in ovo local addition of BMP4 and its antagonist Noggin proves that the local activity of BMP4 is responsible for programmed cell death in the dorsal optic cup. In addition, we show that Noggin is able to reduce the rate of cell proliferation in the dorsal part of the optic cup whereas BMP4 increases the number of BrdU-positive cells in retina cultures. These results provide evidence that BMP4 contributes to eye development by promoting cell proliferation and programmed cell death.
Eye formation in vertebrates requires a series of morphogenetic events associated with changes in cell shape, an increase in the rate of cell proliferation, and the occurrence of discrete and localized cell death (Glücksmann, 1951; Coulombre, 1965; Silver and Hughes, 1973; Cuadros and Ríos, 1988; Martín-Partido et al., 1988; Saha et al., 1992; Laemle et al., 1999) . These processes are sustained by complex molecular interactions that involve members of different protein families, including bone morphogenetic proteins (BMPs).
BMPs are a large subclass of the transforming growth factor-␤ superfamily of soluble proteins. Originally characterized for their osteogenetic activity (Urist et al., 1979; Wozney et al., 1988) , BMPs are expressed throughout embryogenesis and play pivotal roles in processes like mesoderm and neural plate induction or dorsoventral patterning of the neural tube. In addition to these long-range activities, BMPs are involved in the proliferation and differentiation of many different tissues and organs (Hogan, 1996; Mehler et al., 1997) . The activity of BMPs has been associated also with developmentally regulated programmed cell death (PCD) (Furuta et al., 1997; Coucouvanis and Martin, 1999) . In particular, BMP4 mediates PCD in the prospective neural crest cells before their migration from rhombomeres 3 and 5 (Graham et al., 1994) and is responsible for the apoptosis that shapes the interdigital space of the developing limbs in birds (Gañan et al., 1996; Zou and Niswander, 1996; Macias et al., 1997) .
In mice, Bmp4 and Bmp7 are expressed early in the developing eye, localized to the dorsal aspect of the neural retina and to the prospective pigment epithelium, respectively. Bmp7 and low levels of Bmp4 are also found in the prospective lens placode ectoderm Dudley and Robertson, 1997; Furuta and Hogan, 1998; Wawersik et al., 1999) . Analysis of different Bmp7-null mice indicates that BMP7 is required for the early steps of lens induction and for proper retinal differentiation (Dudley et al., 1995; Luo et al., 1995; Wawersik et al., 1999) . A complete analysis of BMP4 function via the study of Bmp4-null homozygous mice is impaired by the high embryo lethality caused by gastrulation defects (Winnier et al., 1995) . However, homozygous mutant embryos that reach midgestation show an alteration in lens formation (Furuta and Hogan, 1998) . Using the chick embryo as a model system, we addressed whether BMP4 has additional roles during eye morphogenesis.
Here we have analyzed the expression pattern of Bmp4 and Bmp7 at early stages of embryo development. We show that Bmp4 is first detectable in the optic cup when the main inductive events necessary for eye initiation are accomplished and retina differentiation has yet to begin (Prada et al., 1991; Saha et al., 1992) . We f urther demonstrate that the dorsal expression domain of Bmp4 colocalizes with a region of prominent and spatiotemporal-restricted PCD. Using dissociated and organotypic cultures as well as in ovo local addition of BM P4 and its antagonist Noggin, we provide evidence that BM P4 is responsible for apoptotic cell death and proliferation in the dorsal portion of the chick optic cup.
MATERIALS AND METHODS
Embr yos. Fertilized chick eggs (White Leghorn) were incubated at 38°C and staged according to the method of Hamburger and Hamilton (HH) (1951) . Mouse embryos were collected from timed pregnant BAL B/c mice. The day of vaginal plug appearance was considered embryonic day 0.5 (E0.5).
In situ hybridization. Whole-mount in situ hybridizations were performed as described (Bovolenta et al., 1998 ) using digoxigenin-labeled sense and antisense riboprobes. Hybridizations were performed at 65°C in 50% formamide (Fluka, Buchs, Switzerland) . Posthybridization washes were performed at the same temperature and in the same buffer. After hybridization, embryos were dehydrated, embedded in Fibrowax (DBH Laboratories, Dorset, United K ingdom), and sectioned at 15 m in a microtome. The Bmp4, Bmp7, BmprI A, BmprIB, and BmprII chick probes have been described previously Houston et al., 1994; ten Dijke et al., 1994; Kawakami et al., 1996; Z ou et al., 1997) . Probes to the chick Smad1, Msx1, Msx2, and Nog g in were the kind gift of Drs. R. Merino and J. Hurle (Universidad de C antabria, Santander, Spain) .
Reverse transcription-PCR anal ysis. Poly(A ϩ ) RNA was prepared from HH17 chick prospective neural retina (N R) and pigmented epithelium (PE) using the Quick-prep-Micro mRNA Purification kit (Amersham Life Science). Reverse transcription (RT) was performed by random priming with the First-Strand-cDNA Synthesis kit (Amersham Life Science) following the manufacturer's instructions. Reactions to amplif y fragments of the chick BmprI A, BmprIB, BmprII, Noggin, and gl yceraldehy-3-phosphate dehydrogenase (GA PDH ) were performed using the following primer pairs: for BmprI A, a 441 bp amplicon, the forward primer is 5Ј-CAGC TGGTTC MGAGAAACAG-3Ј, and the reverse primer is 5Ј-C TTTCATCAAGGACC TC TGG-3Ј; for BmprIB, a 508 bp amplicon, the forward primer is 5Ј-CAGC TGGTTC MGAGAAACAG-3Ј, and the reverse primer is 5Ј-CCAAAGGATGAGTCCAAAGC -3Ј; for BmprII, a 507 bp amplicon, the forward primer is 5Ј-CGTTACCATGAATGGAGTGG-3Ј, and the reverse primer is 5Ј-C T-TGATC TTC TC TCC TGAGC -3Ј; for Nog g in, a 672 bp amplicon, the forward primer is 5Ј-ATGGATCATTCCCAGTGCC TTGT-3Ј, and the reverse primer is 5Ј-C TAGCAGGAGCAC TTGCAC TC -3Ј; and for GA PDH, a 158 bp amplicon, the forward primer is 5Ј-CCCGAATTC TGGGCACGCCATCAC TATC TTCC -3Ј, and the reverse primer is 5Ј-CCCGGATCCAGC TGAGATGATAACACGC T-TAGC -3Ј. Amplification conditions were the following: 30 cycles (95°C, 30 sec; 59°C, 30 sec; 72°C, 30 sec) using the AmpliTaq DNA Polymerase (Perkin-Elmer, Norwalk, C T). Automated DNA sequencing (ABI 377; Applied Biosystems, Foster C ity, CA) confirmed the identity of the amplified bands.
Cell death anal ysis. PCD was determined by terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling (TUN EL) using the In Situ-C ell-Death Detection K it, AP (Boehringer Mannheim, Mannheim, Germany), as suggested by the manufacturer. TUN EL labeling was performed in toto on chick embryos of stages 14 -22 and on E9.5-E11 mouse embryos fixed overnight at 4°C in 4% formaldehyde in 0.1 M phosphate buffer, pH 7.3. This assay was used also on cryostat and paraffin sections of embryos and on vesicle cultures. C ell death in the vesicle cultures was routinely determined by staining with Nile blue sulfate (N BS; Sigma, St. L ouis, MO) (Teillet et al., 1998) . Briefly, cultures were washed in Pannett-Compton saline (PC) and incubated in the same solution containing 10 g /ml N BS for 30 min at room temperature. After a 1 hr wash in PC, cultures were photographed under a stereomicroscope (Leica, Nussloch, Germany) and fixed, and the extent of cell death was quantified.
Organot ypic and dissociated cell cultures. Optic vesicles from stage 11-12 embryos were surgically removed with the overlying ectoderm (f uture lens placode) surrounded by as little mesenchyme as possible. Isolated vesicles were stored in culture medium, while a collagen gel support was arranged on the bottom of a 14 mm well of four-well dishes (Nunc, Roskilde, Denmark). Collagen gel matrix was prepared as described (L umsden and Davies, 1983) , and 20 l of it was spotted on the dish and allowed to gel for ϳ15 min. Optic vesicles were trapped with their proximal region on the surface of the collagen gel (see Fig. 5A ) and cultured in DM EM and Ham's F12 (1:1) supplemented with N2 (DM EM / F12/ N2; Life Technologies, Paisley, United K ingdom) and gentamycin (50 ng /ml; Life Technologies). Tissues were incubated for 48 hr in 5% C O 2 at 37°C in a humidified incubator. Human recombinant BM P4 (rBM P4) (Genetics Institute, C ambridge, M A) and BM P7 (Creative BioMolecules, Boston, M A) were added to the medium at the concentration of 40 and 100 ng /ml, respectively. In some cases, explant cultures were preincubated for 1 hr with either Noggin protein (Xenopus; a gift from Dr. R. Harland) (Lamb et al., 1993) at 50 ng /ml or the anti-BM P monoclonal antibody 1B12 (Creative BioMolecules). This antibody, which blocks the activity of different BM Ps including BM P7 and BM P4 (Vukicevic et al., 1994; Augsburger et al., 1999) , was used at the concentration of 10 g /ml before addition of BM Ps. After 48 hr, the cultures were stained with N BS, photographed, and fixed in 4% formaldehyde. When necessary, the cultures were stained with the TUN EL assay and /or embedded in Fibrowax and processed for immunocytochemistry to verif y the identity of lens tissue. Dissociated retina cultures were established from HH18 -HH19 chick embryos. Dissected retinas were digested in C a 2ϩ -and Mg 2ϩ -free HBSS, containing 3 mg /ml bovine serum albumin (BSA), and treated with 1 mg /ml trypsin for 3 min at 37°C. Digestion was stopped by adding 2 mg /ml soybean trypsin inhibitor. C ells were dissociated mechanically, resuspended in culture medium, and plated on glass coverslips coated with polylysine (20 g /ml; Sigma) and laminin (10 g /ml; Life Technologies). C ells were cultured in DM EM / F12/ N2 in the presence or absence of BM P4 (40 ng /ml). 5-Bromo-2Ј-deoxyuridine (BrdU; 50 ng /ml; Boehringer Mannheim) was added 3 hr after cell plating, and the cultures were fixed after 16 additional hours. C ell proliferation was assessed by immunohistochemical localization of incorporated BrdU, as described below.
Preparation of beads. C arrier beads were prepared and used for exogenous application of proteins as described (Merino et al., 1998) . Heparin acrylic beads that are ϳ80 m in diameter (Sigma) were rinsed with PBS and incubated with 5 l of protein solution at room temperature for 1 hr before use. The concentration of rBM P4 was 1 g /ml. Noggin Xenopus and BSA (Sigma) were both used at 1 mg /ml. E xperimental manipulations. The heads of stage 14 host embryos were visualized with an India ink solution in saline injected underneath the embryo. The vitelline membrane was incised, and heparin beads, incubated in either BSA or the selected protein solution, were implanted into the dorsal mesenchyme of the right eye. Embryos were f urther incubated until they reached stages 17 (13-16 hr) or 21-23 (48 hr). At the appropriate time, the embryos were fixed in 4% formaldehyde and processed for TUN EL labeling in toto. Embryos were then photographed, dehydrated, embedded in Fibrowax, and sectioned at 12 m. Sections were either mounted with Mowiol or processed for immunohistochemistry. In some cases, BrdU (50 g /egg) was added to each embryo 30 min before fixation. The embryos were cryoprotected in sucrose and sectioned on a cryostat at 16 -18 m.
Immunoc ytochemistr y. Antibody to the phosphohistone H3 (1:1000; Upstate Biotechnology, Lake Placid, N Y), a mitosis marker, was used to identif y dividing cells (Mahadevan et al., 1991) . BrdU incorporation was determined using anti-BrdU antibodies obtained from the Developmental Studies Hybridoma Bank and used in 1:4000 dilution from ascitic fluid. To verif y the identity of lens tissue versus the neuroepithelium in the optic vesicle cultures, paraffin sections of the explants were incubated with an antiserum against ␦-crystallin (1:1500 dilution; a gift from Dr. J. Piatigorsky, National Eye Institute, National Institutes of Health, Bethesda, MD). Secondary antibodies were peroxidase-conjugated antisheep IgG and biotinylated anti-rabbit IgG followed by peroxidasecoupled streptavidin (1:1000 dilution; Jackson ImmunoResearch, West Grove, PA). Antigen localization was achieved by incubation with 30 mg /ml DAB and 0.03% H 2 O 2 in PBS or by use of the AEC system (Dako, C arpinteria, CA).
RESULTS

Bmp4 and Bmp7 expression in the developing chick eye
To address the possible role of BMPs during early stages of chick eye development, we analyzed by in situ hybridization the distribution of BMP4 transcripts during the development of the eye primordium. Furthermore, we have compared it with that of Bmp7, another member of the BMP family with a strong expression in the eye. A brief and partial description of these expressions has been reported previously Golden et al., 1999) . Bmp4 mRNAs were first localized to the eye region at HH10 -HH11. Expression was restricted to the ecto-derm overlaying the optic vesicle, from which the lens placode will originate ( Fig. 1 A,D) . As the optic cup formed, Bmp4 mRNAs were detected in the eye neuroepithelium confined to the prospective dorsal neural retina ( Fig. 1 B,E ). This expression became stronger and occupied the entire dorsal optic cup between HH17 (Fig. 1C,F ) and HH20 (data not shown). In contrast, Bmp4 transcripts decreased in the developing lens vesicle where they were no longer detectable at HH17 (Fig. 1 F) . The expression of Bmp7 was first observed during optic vesicle invagination in the prospective pigment epithelium (Fig. 1G ,H,J ). In the chick eye, this region appeared to be the only site of strong Bmp7 expression even at later stages (HH17-HH23) of optic cup development ( Fig. 1 I,K ). Hybridizations with BMP4 or BMP7 sense probes did not give any specific signal (data not shown).
Overall Bmp4 and Bmp7 mRNA distribution in the neural component of the chick optic cup is largely overlapping with the expression pattern reported for the mouse (Dudley and Robertson, 1997) . In contrast with mice, however, chick lens placode ectoderm did not express Bmp7 but displayed strong Bmp4 expression, which instead has been detected only at very low levels in mice (Dudley and Robertson, 1997; Furuta and Hogan, 1998; Solloway and Robertson, 1999; Wawersik et al., 1999) . This pat- 
-F) and Bmp7 ( G-K). Embryos are viewed dorsally ( A), ventrally ( G), or laterally (B, C, H, I ). Cryostat (E, J ) and paraffin (D, F, K ) sections are in the frontal (E, F, J, K ) or transversal ( D) plane. A-F, Note the strong expression of
Bmp4 in the region of the newly formed optic vesicle (A, arrow), limited only to the ectoderm (D, arrows). At the stage of the optic cup, the increasingly strong expression of Bmp4 is limited to the dorsal portion (B, C, arrowheads), localized to the neural retina (E, F, arrowheads). Low levels of expression are present in the lens vesicle (E, arrow). G-K, Note how Bmp7 transcripts were totally absent from the optic vesicles (G, arrows) while strongly expressed in other regions of the embryo. Bmp7 mRNAs were first detected in the eye region at the optic cup stage (H, arrowheads) with progressively higher levels of expression (I, arrowheads) . Note how transcripts are localized only to the developing pigment epithelium (J, K, arrowheads). d, Dorsal; fg, foregut region; lv, lens vesicle; nr, neural retina; os, optic stalk; ov, optic vesicle; pe, pigment epithelium; sar, sinoatrial region.
tern of expression suggested that BMP4 could be involved in chick retina and lens development.
BMP4 activity in the developing nervous system (NS) has been associated with induction, proliferation, and differentiation as well as PCD (Mehler et al., 1997) . However, by the time Bmp4 expression is detectable in the optic cup, the main inductive interactions are completed (Saha et al., 1992) , while retina differentiation has not started (Prada et al., 1991) . In contrast, Bmp4 expression in the dorsal optic cup could be associated with proliferation or PCD, both occurring at these stages. However, a precise and comparative analysis of PCD in the developing eye was necessary to establish a clear correlation with BMP4 activity. In fact, analysis in amphibians, rodents, and birds did not always coincide, preventing the generalization of the data from one species to the other (Glücksmann, 1951; Silver and Hughes, 1973; Cuadros and Ríos, 1988; Martín-Partido et al., 1988; Laemle et al., 1999) .
Comparison of apoptotic cell death in the mouse and chick optic cup
A detailed distribution of PCD during optic cup formation in chick and mouse was obtained by the whole-mount TUNEL assay, which detects DNA fragmentation characteristic of apoptotic cell death. Analysis was performed on chick embryos of stages comprised between HH14 and HH21 and compared with that of mice at equivalent developmental stages (E9.5-E11). In chick, TUNEL-positive cells were found to be accumulated mainly in four precise and spatiotemporally distinct locations. These are the lens tissue, the ventral stalk region, the prospective central retina, and the dorsalmost part of the optic cup (Fig. 2) . Thus, in the stalk region, apoptotic nuclei were visible at HH14 in the chick (Fig. 2 A,G) and at E9.5 in the mouse (Fig. 2 D,H ) . At the same stage, cell death is also prominent in the mouse lens vesicle (Fig. 2 D) , whereas a similar event was detected only at later stages in the chick (Fig. 2 B,I ). Cell death in the central portion of the prospective retina was detected in both species after the optic cup invagination. However, apoptotic nuclei were concentrated in a restricted territory in the mouse (Fig. 2 L) but were dispersed throughout a large portion of the neuroepithelium in the chick (Fig. 2 J) . The remaining region of strong, localized, and transient accumulation of apoptotic nuclei was first detectable in the chick at HH16 in the dorsalmost region of the optic cup with a maximal intensity at HH17 (Fig. 2 B) . Apoptotic nuclei were dense in the prospective dorsal ciliary margin and in the dorsal prospective neural and pigmented retina (Fig. 2 I) . TUNEL analysis of mouse embryos at an equivalent stage of optic cup development (E10 -E10.5) showed accumulation of apoptotic nuclei still in the lens vesicle and in the dorsal aspect of the optic cup (Fig. 2 E) . However, as shown by tissue sectioning, few apoptotic nuclei were located in the dorsal retina (Fig. 2 K) , whereas the majority was associated with the surrounding mesenchyme (Fig. 2 L) , where Bmp4 is abundantly expressed in the mouse (Dudley and Robertson, 1997) . At later stages, few apoptotic nuclei were observed, and these were only in the lens tissue (Fig. 2C,F ) . The coincident spatiotemporal distribution of Bmp4 transcripts and TUNELpositive cells in the dorsal chick optic cup supported a possible local proapoptotic activity.
Components of the BMP signal transduction pathway are expressed in the optic cup
If BMP4 had a local PCD-inducing activity, then the components of its specific transduction pathway should be expressed also in the same region. BMP signaling requires the heterodimeric interaction of distinct type-I and type-II receptors, both carrying serine-threonine kinase activity (Massagué, 1998) . In vitro BMP4 can bind to two different combinations of receptor complexes composed of BMPRII and either BPMRIA or BMPRIB (ten Dijke et al., 1994) . This receptor-ligand interaction is modulated by secreted molecules, such as Noggin, Chordin, Follistatin, or Gremlin, which are able to sequester and antagonize BMP4 signaling (Cho and Blitz, 1998; Hsu et al., 1998) . Among them, Noggin displays the highest affinity of binding to BMP4 (Zimmerman et al., 1996) .
Whole-mount in situ hybridization analysis using sense and antisense probes shows a uniform distribution of BmprIA and BmprII transcripts in the entire optic cup (Fig. 3A,C) . BmprIB mRNA displayed an additional stronger localization in the stalk region (Fig. 3B) , whereas Noggin was detected in the dorsal aspect of the cup (Fig. 3D) . Because the in situ hybridization signals were low, the presence and distribution of these molecules in the optic cup were further confirmed by RT-PCR analysis. Experiments were designed to detect BmprII, BmprIA, BmprIB, and Noggin specifically in the prospective PE, NR, and lens vesicle isolated from HH17 embryos. As shown in Figure 4 , BmprIA, BmprII, and Noggin mRNA could be amplified in all three tissues, although at different levels. In particular, Noggin expression was more abundant in the PE where BmprIB transcripts were also uniquely detected.
Downstream propagation of BMP4 signaling is achieved by receptor type-I kinase phosphorylation of SMAD proteins, in particular SMAD1 (Kretzschmar et al., 1997) , whereas BMP4-mediated PCD appears to be transcriptionally regulated by the activity of the Msx genes, Msx1 and Msx2 (Marazzi et al., 1997; RT-PCR amplifications of BmprIA, BmprIB, BmprII, and Noggin. Amplifications were performed with specific primers on 1 l of cDNA prepared from mRNA from prospective neural retina (NR), pigment epithelium with mesenchyme (PE), and lens ( L) of HH17 chick embryos. Amplifications were independently performed three times with similar results. Observe that BmprIA and BmprII mRNAs were amplified from the three components of optic cup analyzed, whereas BmprIB transcripts appeared particularly abundant in the pigment epithelium. Noggin was amplified in the three tissues but with higher levels in the pigment epithelium. GADPH amplifications are shown for comparison. Identity of the amplified bands was confirmed by automated DNA sequencing. Ferrari et al., 1998) . In agreement with the idea that BMP4 signaling is active in the optic cup, expression of Smad1 was limited to the dorsal optic cup, although at low levels in HH17 embryos (Fig. 3E) , whereas it extended to the entire retina at later stages (Fig. 3F ) . Similarly, Msx1 transcripts were visualized in the dorsal ciliary margin, coinciding with many of the apoptotic nuclei detected at this stage (compare Figs. 3G with 2 B,I ). Msx2 was more widely distributed in the dorsal neural retina and pigment epithelium as well as in the retro-ocular mesenchyme (Fig. 3H ) .
BMP4 induces apoptotic cell death and lens growth in organotypic optic vesicle cultures
Because appropriate components of the BMP4 signal transduction pathway were specifically expressed in the chick optic cup, we developed an optic vesicle organotypic culture to determine whether BMP4 was directly responsible for PCD in the chick optic cup.
The optic vesicle cultures were established as schematically represented in Figure 5A . The vesicles were cultured for 48 hr in defined medium with or without BMP4 (40 ng/ml). In controls (n ϭ 64), apoptotic nuclei, detected by staining with NBS, were scarce and concentrated in discrete regions (Figs. 5B, 6 ). Addition of BMP4 increased the density and enlarged the territory of PCD in the majority of the vesicles (n ϭ 69) (Figs. 5C, 6 ). This effect seemed to be prevalent in the neuroepithelium, because apoptotic cell death in the lens tissue was somehow variable and only moderately increased in treated cultures. The activity of BMP4 could be mimicked by the addition of higher concentrations of BMP7 (n ϭ 22; 100 ng/ml) (Figs. 5D, 6 ). To determine whether BMP7 activity was independent from that of BMP4, both cytokines were added together in the cultures. In this condition, however, the amount of apoptotic nuclei appeared to be similar to that observed with each cytokine alone (Fig. 5E ), suggesting that both molecules were competing for the same pathway. The proapoptotic activity of BMP4 could be prevented by the presence of its antagonist Noggin (50 ng/ml) (Figs. 5F, 6) or by treatment of the cultures with an antibody that specifically blocks BMP activity (Figs. 5G, 6 ) (Vukicevic et al., 1994) . Apoptosis in the presence of Noggin alone was not significantly different from that of control cultures (Fig. 6 ). These data were further confirmed with a TUNEL assay on paraffin sections of the cultures. Comparison of Figure 5 , H and I, clearly shows a larger number of positive nuclei in cultures treated with BMP4.
Although our studies were not specifically aimed at understanding the role of BMPs in lens development, we observed that addition of BMP4 or BMP7 increased the size of the lens vesicle as compared with that in control cultures (Fig. 5B-D) . In general, the ectoderm overlying the vesicles grew to form a lens placode, which expressed ␦-crystallin, a lens-specific protein (Fig. 5J,K ) (Nickerson and Piatigorsky, 1984) . These lens vesicles either developed outside of the optic vesicle (62% of the cultures; n ϭ 60) (Fig. 5B) or were contained within the neuroepithelium that in some cases formed a bilayered optic cup structure (Fig. 5J ) . In the presence of either BMP4 or BMP7, the ectoderm overgrew forming large ␦-crystallin-positive lens vesicles (Fig. 5C,D,I ,K ), which developed in most cases in close proximity to the neural tissue (57%; n ϭ 66).
Noggin inhibits programmed cell death in the dorsal optic cup
To prove further that BMP4 is responsible for PCD in the dorsal optic cup, heparin-acrylic beads containing either Noggin, BMP4, or BSA were implanted in ovo in the retro-ocular mesenchyme of the dorsal right eye of HH14 embryos. The left eye was used as the control. After 13-16 hr of incubation, HH17-HH18 embryos were fixed and processed for the TUNEL assay. When Nogginreleasing beads were used, apoptotic cell death was abolished in the prospective retinal tissue (totally in 45.5% and partially in 12.2% of the treated embryos; n ϭ 33), whereas apoptotic nuclei could still be observed in the majority of the lens tissue (84.6% of the embryos; n ϭ 13) (Fig. 5M ). This effect was specific of Noggin because BSA beads did not alter the extent of apoptotic cell death as compared with controls (Figs. 5L,N or 2 B) . Furthermore, we determined whether the reinforcement of the endogenous source of BMP4 was able to modify the number of TUNEL-positive cells. Indeed, after implantation of BMP4 beads, the area occupied by apoptotic nuclei extended laterally, embracing a larger portion of the dorsal optic cup in 63.6% of the embryos (n ϭ 11) (Fig. 5O) , as compared with controls. This effect was region specific because the implantation of BMP4-soaked beads in the ventral optic cup did not induce ectopic apoptosis in the eye (data not shown), reflecting the dorsal-specific distribution of the BMP signal transduction pathway components.
Noggin reduces cell proliferation in the dorsal optic cup
The short-term addition of Noggin to the optic cup clearly abolished PCD, but no clear morphological alterations were detectable in the eye as a consequence of this experimental manipulation of BMP4 activity. Thus, we addressed whether the inhibition of BMP4 activity and its consequent suppression of PCD could induce changes in the eye at later stages of development. To this end, the effect of Noggin-bead implantation in the dorsal retroocular mesenchyme of HH14 embryos was evaluated when embryos reached HH23.
Surprisingly, embryos exposed for longer times to Noggin beads presented eyes with a rounder and symmetric shape (Fig. 7A-D) and with a clear reduction in size (58.8% of the embryos; n ϭ 17) (Fig. 7B) as compared with the contralateral eye (Fig. 7A) or with eyes of embryos implanted with BSA beads (0% of the embryos; n ϭ 9) (Fig. 7C,D) . Comparison of histological sections of the noggin-treated and control eyes showed a reduction in the thickness of the retina neuroepithelium that was associated with a clear decrease in the amount of cells undergoing mitosis (Fig. 7, compare  F with E,G,H ) . Indeed, the number of H3-positive cells were significantly reduced in the dorsal portion of Noggin-treated (Fig.  7F,I ) as compared with contralateral (Fig. 7E,I ) or BSA-treated ( Fig. 7G-I ) eyes. Assessment of cell proliferation, as determined by BrdU incorporation, gave similar results (data not shown).
The reduced proliferation observed in the presence of Noggin implied that BMP4 could directly induce cell proliferation of retinal cells. To confirm that this was the case, we used dissociated retina cell cultures from HH18 embryos. As determined by BrdU incorporation, BMP4 induced a statistically significant increase in the number of labeled cells (14.5%; n ϭ 3; p Ͻ 0.0001, Student's t test) as compared with control cultures.
DISCUSSION
Several secreted molecules, including BMPs, contribute to the development of the eye in vertebrates. In particular, BMP4 and BMP7 activities are necessary for lens placode induction, and BMP7 is further involved in the proper growth and survival of the retina (Dudley et al., 1995; Luo et al., 1995; Furuta and Hogan, 1998; Wawersik et al., 1999) . The data presented here provide evidence that BMP4 has additional roles during eye morphogenesis. In the chick, BMP4, expressed in the dorsal prospective neural retina, is responsible for an apoptotic cell death that occurs with a characteristic spatiotemporal-restricted pattern. Inhibition of BMP4 activity further leads to a clear reduction of the eye size associated with a decrease in the amount Figure 6 . Statistical analysis of apoptotic cell death in control and treated optic vesicle cultures. Intensity of the NBS staining was quantitatively assessed on samples of scanned images representative of each experimental condition. Using an image analysis software (Q500 MC; Leica), the total and stained areas of each vesicle were measured, and the labeling intensity was calculated as the relative surface occupied by the staining. Results are expressed as means Ϯ SEM. Letters (a, b) have been assigned to groups whose values are significantly different (a, p Ͻ 0.05; b, p Ͻ 0.001; Tukey's test). Data were analyzed by one-way ANOVA using the PRISM3 program for IBM. Note how BMP4 (n ϭ 12) and BMP7 (n ϭ 13) increased the extent of apoptosis in the optic vesicle in comparison with the control (n ϭ 22; p Ͻ 0.001, Tukey's test). The effect of BMP4 is significantly reduced in the presence of Noggin (n ϭ 21) or of anti-BMP7 antibody (␣7; n ϭ 10; p Ͻ 0.05 and p Ͻ 0.01, respectively).
of cells undergoing mitosis in the dorsal optic cup. Therefore, we conclude that BMP4 signaling controls the size of the dorsal optic cup by regulating cell proliferation and apoptosis.
Bmp4 and Bmp7 are expressed in separate domains of the developing chick eye
One of the interesting aspects of our data is the difference in the expression of BMPs between chick and mouse. BMPs are expressed with partially overlapping domains in many regions of the developing vertebrate embryos (Liem et al., 1995; Lyons et al., 1995; Dudley and Robertson, 1997) . In particular, Bmp4 and Bmp7 overlap in the prospective lens ectoderm and dorsal neural retina of the mouse embryo (Dudley and Robertson, 1997) . In the chick, such overlapping territories cannot be demonstrated, at least by nonradioactive in situ hybridization. Bmp4 mRNAs are visible in the eye field as soon as the optic vesicles are formed but only in the prospective lens placode ectoderm. In the neuroepithelium, Bmp4 expression starts, in the dorsal half, only after optic vesicle invagination. In contrast, Bmp7 was not detected in the eye until HH13, after which its expression is limited to the PE. Therefore, in chick, only Bmp4 is present at the time of lens placode induction, whereas in the neuroepithelium, Bmp4 and Bmp7 localized to different compartments. Additional differences between the chick and mouse distribution of Bmp4 and Bmp7 have been reported in the neural tube and the overlaying ectoderm (Liem et al., 1995; Lyons et al., 1995; Watanabe and Le Douarin, 1996; Dudley and Robertson, 1997; Furuta et al., 1997) . In both the eye and the neural tube, interaction between the ectoderm and the neuroepithelium is necessary for proper development of these structures (Spemann, 1938; Liem et al., 1995; Hemmati-Brivanlou and Melton, 1997) . Therefore, signaling between these tissues, although leading to the same morphogenetic events, might be mediated by different BMPs in chick and mouse, as suggested previously (Dudley and Robertson, 1997) . This exchange of competence will not be difficult to achieve because BMP4 and BMP7 share some of the components of their signaling cascade (Cho and Blitz, 1998; Massagué, 1998) . Interestingly, as far as known, BMP receptor distribution appears similar in both species (Dewulf et al., 1995; Zou et al., 1997; Furuta and Hogan, 1998 ) (this study).
BMP4 is responsible for apoptotic cell death in the chick optic cup
The life or death of a cell is mostly influenced by extracellular signals, because the intracellular machinery responsible for PCD is constitutively expressed in most animal cells (Chinnaiyan and Dixit, 1996) . BMP4 is one of the molecules that trigger PCD of 4 exposure to Noggin reduces eye size ( B) with respect to contralateral eyes (A, C) or to eyes exposed to BSA ( D) . Observe that the smaller eye size in Noggin-exposed animals is reflected in a reduction of the neural retina thickness ( F) as compared with the contralateral retina ( E). This reduction (E-H, arrows indicate retina thickness) was never observed in BSAexposed ( H ) and the corresponding contralateral ( G) retinas. (Bellusci et al., 1996; Zou and Niswander, 1996; Barlow and FrancisWest, 1997; Jernvall et al., 1998) . In the NS such physiological activity has been demonstrated only for neural crest cells of rhombomeres 3 and 5 (Graham et al., 1994) and for cells in the dorsal midline of the anterior forebrain (Furuta et al., 1997) . Here, we have provided in vivo evidence that the proapoptotic activity of BM P4 in the NS is extended also to a selected population of neuroepithelial cells in the dorsal optic cup. The implication of BMP4 in this process is confirmed by the strong inhibitory effect of Noggin on apoptosis and by the increase in the number of TUNEL-positive cells in the dorsal retina after exogenous application of BMP4. A local and strictly controlled activity of this cytokine is further supported by the presence in the eye of appropriate BMP receptors and by the restricted and overlapping distribution of one of the BMP-specific SMADs, Smad1, with that of Bmp4 and apoptotic nuclei. Furthermore, the expression of the BMP antagonist Noggin was higher in the PE, where apoptosis was less evident than in the retina. Msx1, the expression of which coincides with the distribution of Bmp4 transcripts and apoptotic nuclei, might exert additional regulation. In other developing structures, expression of Msx genes has been tightly implicated in the regulatory network of BMP signaling (Graham et al., 1994; Gañan et al., 1996; Barlow and Francis-West, 1997; Ferrari et al., 1998; Yamamoto et al., 2000) . In particular, telencephalic explants upregulate their expression of Msx1 and undergo apoptosis in response to BMP4-releasing beads (Furuta et al., 1997) . The function of Msx1 in the optic cup could be similar, although on the basis of its expression we cannot exclude Msx2 involvement.
In vitro BMP7 mimicked, although at higher concentrations, the proapoptotic activity of BMP4 in the vesicle neuroepithelium. This observation, together with the lack of information on the eye expression of many TGF-␤ family members, raises the possibility that in vivo molecules, other than BMP4, mediate apoptosis in the dorsal optic cup. However, we do not favor this hypothesis. Bmp2, Bmp5, and Bmp6 are not expressed in the dorsal optic cup at the stages in which PCD was observed Furuta et al., 1997; Golden et al., 1999) . In the case of BMP7, the combined addition of both cytokines does not produce additive effects. Furthermore, Bmp7 is strongly expressed in the PE, where apoptosis is low, and Bmp7-null homozygous mice do not show alterations in the distribution of TUNEL-positive nuclei (Dudley and Robertson, 1997) . BMP4 and BMP7 share the ability to bind to the same receptor combination (Massagué, 1998) . Therefore, in vitro both BMP4 and BMP7 could separately trigger cell death, but their total activity will be limited by the availability of the receptors, as suggested by our data.
Interestingly, lens vesicle underwent a specific and localized apoptosis concomitantly to that of the dorsal neuroepithelium. Interfering with BMP4 signaling in vivo did not modify lens PCD. In contrast, an overgrowth of ␦-crystallin-positive lens tissue was consistently observed in vesicles cultured in the presence of BMPs. We are currently addressing this issue, and it seems that the effect of BMPs on lens tissue might be different from those observed in the eye neuroepithelium.
Significance of programmed cell death during eye morphogenesis
By midcentury, Glücksmann (1951) had observed that during early stages of amphibian eye morphogenesis a large number of cells die with a spatiotemporal-specific pattern. Since then, few reports have described cell death in the lens placode, the ventral portion of the optic cup, as well as the prospective central retina of rodent and birds (Silver and Hughes, 1973; Schook, 1980a,b; Cuadros and Ríos, 1988; Martín-Partido et al., 1988; Laemle et al., 1999) . No cell death was observed in the dorsal portion of the cup in rodents (Silver and Hughes, 1973; Laemle et al., 1999) , whereas the presence of necrotic cells was reported in chick (García-Porrero et al., 1984) . The data provided in this study confirm and extend these findings. Our comparative analysis demonstrates that cells die of apoptosis with similar but not identical spatiotemporal-restricted patterns in chicks and mice, with the exception of PCD in the dorsal optic cup, which is more abundant in the chick. The role of the local PCD observed in the different regions of the optic cup has not been precisely determined. However, it is generally believed that developmental apoptosis is not a stochastic event but in each case serves a specific function, such as the elimination of vestigial structures or the shaping of an organ (Conlon and Raff, 1999) . In addition, PCD can correct cell numbers in structures where cells are generated in excess, as in the NS (Henderson, 1996) . The timing and location of apoptosis in the lens vesicle and in the optic stalk well suggest their involvement in the separation of the lens vesicle from the surface ectoderm and in the narrowing of the proximal optic vesicle to form the stalk. This shaping function is more difficult to attribute to the apoptosis in the dorsal portion of the chick cup, because it occurs when vesicle infolding is already completed. This BMP4-mediated PCD may instead be the result of an increased rate of cell division, particularly evident in the dorsal retina at this stage (Romanoff, 1960; Coulombre, 1965) . As we show here, BMP4 itself induces cell proliferation in vitro and might exert the same activity in vivo, because long-term addition of Noggin clearly reduced retina cell proliferation in ovo. The relationship between apoptotic and proliferating cells has been demonstrated previously in the developing rat cerebral cortex (Thomaidou et al., 1997) . Therefore, we propose that BMP4, increasing the rate of cell proliferation with a consequent timeregulated PCD, might control the asymmetric growth of the chick optic cup, which is larger in its dorsal portion. After asymmetry is established, restricted (dorsal) activity is no longer required, and molecules of the BMP4 signal transduction pathway (Smad1) begin to extend to the remaining retina neuroepithelium. The low level of apoptosis observed in the mouse dorsal optic cup, where an asymmetric growth of the dorsal portion of the eye is not evident as in chick, further supports this idea.
